We propose a device for reproducible achievement of enormous enhancement of local electric field intensities. In each device, a metallic spiral ring grating is employed for efficient excitation of local surface plasmon resonance in the tiny gap of a vertically oriented optical antenna. Radiation from the optical antenna is collimated by the ring grating which facilitates efficient collection. As a numerical example, for a gold nanosphere placed one nanometer above the center of a gold spiral ring grating, our simulations predict an increase in local electric field intensity of up to seven orders of magnitude compared to planewave illumination, and collection efficiencies of up to 68% by an objective with a numerical aperture of 0.7. Single molecule SERS application is discussed.
Introduction
Surface plasmon resonance (SPR) structures have been widely applied to bridge the mismatch between the optical wavelength and the sizes of nano objects by confinement of optical energy in ultra-small volumes, and to enhance interactions between light and matter by increasing local electric field intensities [1, 2] . There are two major categories of fabrication techniques for making SPR nano devices. One is bottom-up techniques such as chemical synthesis of nanoparticle aggregates in colloidal solutions and self-assembled nanoparticles formed by annealing metallic thin films. The other is top-down nanofabrication techniques such as electron beam lithography and focused ion beam milling. Bottom-up techniques have been reported to produce enormous SPR enhancement effects, but are currently limited by randomly distributed device parameters and loosely controlled performance [3] [4] [5] [6] [7] . In order to achieve reproducible experimental results, top-down approaches have to be used. However, it is technically difficult to achieve smaller than 10 nm features with current lithographic techniques, which significantly limits the increase in local electric field intensities. For example, the local electric field intensities achieved in paired optical antennas, each consisting of a pair of metallic nanoparticles with a small gap in between, quickly decreases with larger gap sizes [4, [8] [9] [10] [11] . As a result, reproducible achievement of extremely high enhancement of local electric field intensities and light-matter interactions with precisely controlled fabrication still remains a challenge [12] [13] [14] [15] .
In this paper, we propose the integration of a vertically oriented optical antenna and a metallic spiral ring grating to address this challenge. The excitation and collection optics with metallic spiral ring gratings are discussed in detail, as they are crucial for vertically polarized SPR resonances. An enhancement factor of local electric field intensity of seven orders of magnitude is predicted compared to planewave illumination, assuming a 1 nm gap between the optical antenna and the surface of the metallic grating. We also estimate the device performance for surface enhanced Raman scattering (SERS), an application that demands highly enhanced local field intensities.
Vertically oriented optical antennas and excitation and collection optics
While precise fabrication of sub-10nm in-plane features by lithographic techniques is difficult, a number of methods exist that enable smaller feature sizes in the vertical direction, such as deposition or growth of very thin films and scanning probe techniques. SPR nanoparticles can also be directly laid on top of mirror surfaces, or surfaces with certain SPR features, so that the gap distances between the nano particles and the surfaces are as small as the thicknesses of the to-be-examined molecules etc. in between. The mirror surface here refers to the smooth surface of a highly reflective substrate, which can be a metallic substrate or a substrate with a significantly higher dielectric constant than its surroundings. When a SPR nanoparticle is on top of a mirror surface, the nanoparticle and its mirror image form the two halves of a paired optical antenna. Metallic nanospheres, nanocylinders and tips on top of mirror surfaces have been reported for SERS applications [16] [17] [18] [19] .
Though the gap sizes between the nanoparticles and mirror images can be very small, the vertical orientation of these devices induces degraded performance when regular optical lenses are used for optical excitation and collection. Reported experimental SERS enhancement factors of gold nanoparticles on metallic surfaces are limited to 10 8 [16] [17] [18] [19] . This is explained in Fig. 1 , which shows that an optical antenna consisting of a nanoparticle and its mirror image is oriented and mainly polarized in the surface normal direction of the substrate. Both the excitation of SPR resonances and the collection of SPR radiation with a regular microscope objective are inefficient. In Fig. 1(a) , a collimated laser beam is focused by a macroscopic objective onto the nanoparticle to excite its SPR resonance, and the same objective is used to collect scattering radiation from the nanoparticle. Assuming a collimated laser beam with a central anti-symmetric electric field profile, which is the same as planewaves and fundamental Gaussian beams, and the laser beam being at normal incidence onto a central symmetric objective, the electric field profile in the focal spot must be central anti-symmetric with respect to the objective axis, and the electric field component in the axial direction must be zero on the axis. Therefore in this configuration, it is impossible to excite the vertically polarized SPR resonance in a vertically oriented optical antenna which is located on the axis of the objective. Figure 1(b) shows that a vertically polarized SPR resonance does not radiate efficiently into a collection objective right above it, but mainly radiates into the lateral directions, and also couples to surface plasmon waves when a metallic substrate is used. To solve the aforementioned problem, in some reported experiments with vertically oriented optical antennas, the objectives were placed in angled directions [16] . However, in angled illumination configurations, the working distances of the objectives are limited by the sizes of the objectives so that the numerical apertures (NA) are moderate and the laser beams are not focused as strongly. In addition, the moderate NAs limit the collection efficiency of the SPR radiation. In some other reported experiments, either the optical antennas or the laser beams were placed off the objective axes so that the vertical polarization components in the focal spots are non-zero [18] . Due to smaller field intensities in the focal spots, the latter approach is also inefficient for both excitation and collection. From the above discussion, it is clear that vertically polarized electric fields at the centers of focal spots are critical for efficient excitation of, and collection from, SPR resonances in vertically oriented configurations. This can be achieved by using central anti-symmetric lenses. While the symmetries of regular macroscopic lenses are difficult to change, there are a variety of focusing and imaging elements the manipulation of whose geometries are straightforward, such as Fresnel zone plates and ring gratings. In the following sections, we numerically investigate the integrated system of a metallic nanosphere and a metallic spiral ring grating, as shown in Fig. 2(a) . The spiral ring grating is a central anti-symmetric focusing and collimating element [20, 21] . We propose this device structure for the reproducible achievement of large local electric field intensity enhancement and directional radiation. In experiments, the nanosphere could be replaced by other SPR nano devices or be mounted on the tip of a scanning probe for additional functionality [22] . 
Large enhancement of local electric field intensities in metallic nanospheres integrated with metallic spiral ring gratings
In this section and the following section, we apply the Finite Element Method (FEM) to numerically study the performance of a metallic spiral ring grating for excitation and collection, the local electric field intensity enhancement for a metallic nanosphere integrated with the metallic spiral ring grating, and the SERS electromagnetic enhancement factor of the proposed device. Due to limited computer memory on our 24-core parallel processor, the tetrahedral meshes in our simulations have grid sizes which are larger than one tenth of wavelength in the parts away from the focal spot. We have confirmed that the large grid sizes do not lead to large errors in the simulation results, by comparing simulation results for smaller but similar structures with different grid sizes. The numerical calculations in this paper follow an earlier piece of work in which we reported the integration of an in-plane optical antenna with a silver concentric ring grating, which is briefly summarized in the following [23] . In Ref. [23] , as shown in Fig. 2(b) , an incident optical planewave is concentrated by a silver concentric ring grating to a subwavelength surface plasmon focal spot at the grating center. The surface plasmon field at the center of the focal spot is horizontally polarized. An in-plane paired optical antenna is placed at the center of the grating and excited by the surface plasmon focal spot. When the in-plane optical antenna has a gap of 10 nm, a local electric field intensity enhancement factor of more than four orders of magnitude is numerically obtained at the center position of the gap. Radiation from the SPR resonance of the antenna is collimated by the ring grating to power density full-width half-maximum (FWHM) angles of less than 10°, which facilitates efficient collection. A SERS electromagnetic enhancement factor of up to eight orders of magnitude is predicted when we assume planewave illumination and a collection NA of 0.7.
In order to obtain a vertically polarized focal spot, we will use a spiral ring grating instead of a concentric ring grating, the latter giving zero electric field in the vertical polarization at the center of the focal spot. The metallic spiral ring grating considered in this paper is illustrated in Fig. 3 . The grating is engraved into the flat surface of a gold substrate, with the raised part (the rings) defined by the Archimedean spiral equations: 
where r in (θ) and r out (θ) are the inner and outer radii of rings at different azimuthal angles, respectively. p is grating period. θ[0.5π, 10 .5π], i.e., there are five rings. The optical properties of gold are taken from Ref. [24] . Above the gold substrate is free space. A ypolarized optical planewave is normally incident along the -z direction. surface, and then focused to a z-polarized focal spot at the center of the grating. Figure 4(a) shows the normalized intensity of z-component of electric field (normalized to planewave illumination), |E z | 2 , right above the gold surface at the center of the grating (r = 0). For a range of grating periods, |E z | 2 is enhanced by around two orders of magnitude in a wavelength bandwidth of almost 100 nm. Figure 4(b) shows an instantaneous z-component of the electric field, E z . Grating focusing is optimal when the grating period matches the wavelength of surface plasmon wave. We next consider what happens when we place a gold nanosphere at the center of the gold spiral ring grating and 1 nm above the gold surface, as shown in Fig. 5(a) . The nanosphere and its mirror image form a vertically oriented paired optical antenna. When the resonance wavelength of the optical antenna matches the wavelength for which focusing by the grating is optimal, the E z component of the surface plasmon focal spot (Fig. 4(b) ) excites the SPR resonance of the optical antenna, which is also z-polarized. Due to the tiny gap size of the optical antenna, an enormous increase in local electric field intensity in the gap is achieved. Figure 5(b) shows the normalized |E z | 2 for gold nanospheres integrated with gold spiral ring gratings for normally-incident plane wave illumination. Figure 5(c) shows an instantaneous profile of E z in the y-z plane. A simulation grid size of 0.1 nm is used in the 1nm gap. The numerical results in Fig. 5 confirm that the SPR resonance field of the vertically oriented optical antenna is tightly confined within the 1 nm gap, and that a seven orders of magnitude increase in local electric field intensity can be achieved on resonance. In these calculations, the source is launched in a spatially-limited calculation window, meaning that, strictly speaking, it is not a plane wave. In the next section, we use a dipole radiation calculation, which by reciprocity [23] gives a slightly larger enhancement for the perfect plane wave illumination case than what is predicted in Fig. 4 . The electric field enhancement factors we simulate for the device we propose are much greater than those achieved in in-plane optical antennas integrated with concentric ring gratings, as these are limited to having larger gap sizes [23] . The enhancement factors are also significantly greater than gold nanospheres on flat gold surfaces (without gratings) under plane wave angled incidence, as shown in Fig. 5(b) . 
Directional radiation from metallic nanospheres integrated with metallic spiral ring gratings
When the surface plasmon wavelength matches the grating period, the metallic spiral ring grating not only couples normally incident optical illumination to surface plasmon waves, but also collimates the surface plasmon waves radiated by the vertically polarized optical antenna to directional optical radiation into free space. Radiation can also be understood as a reciprocal process to excitation [23] . Directionality facilitates efficient collection of optical antenna radiation [25] [26] [27] . Following Ref. [23] , an oscillating z-polarized point dipole is placed at the center point of the gap between the nanosphere and the substrate surface to simulate the radiation. The oscillation frequency of the point dipole matches the resonant frequency of the optical antenna and the corresponding surface plasmon wavelength matches the grating period. Figure 6 shows the far-field radiation patterns with and without the spiral ring grating. With an objective of NA = 0.7 placed right above the nanosphere, the collection efficiency is calculated to be as large as 68% for a nanosphere integrated with a grating since radiation is collimated along the z direction, only 13.3% for a nanosphere on a flat gold surface since radiation is mainly into the lateral directions, and 13.7% for a nanosphere on a flat gold surface but with the objective inclined at an angle of 45°. Collection efficiency here is defined as power collected by the objective divided by the total radiated power in the far field. Energy dissipation via metallic ohmic loss is significant in SERS devices, which has not been included in the preceding definition of collection efficiency. The powers radiated by oscillating dipoles are enhanced when the dipoles are coupled to SPR resonances, which is attributed to the Purcell effect [23, 28] . With the same device and wavelength as in Fig. 6 , a collection objective of NA = 0.7 right above the device, the collected radiation power from a point dipole under a gold nanosphere integrated with a gold spiral ring grating is 7.3 × 10 5 times higher than a horizontally polarized point dipole in free space with the same dipole moment. The SERS electromagnetic enhancement factor is the product of the enhancement of excitation electric field intensity and the enhancement of collected radiation power. This factor is 1.9 × 10 13 when Stokes shift is assumed to be zero, and 3.6 × 10 11 when Stokes shift is assumed to be 2000 cm 1 (excitation at 660nm and radiation at 760nm). According to a recent analysis, when combined with typical chemical enhancement effects, the magnitude of this electromagnetic enhancement factor shall be sufficient for non-resonant single molecule Raman spectroscopy for some molecules with the smallest Raman scattering cross sections [29] .
Conclusion
We have proposed integration of vertically oriented optical antennas and metallic spiral ring gratings. By efficient coupling between vertically polarized local SPR resonances in optical antennas and surface plasmon waves on metallic spiral ring gratings, the proposed devices is predicted to produce enormous enhancement in local electric field intensities in the tiny optical antenna gaps under resonant illumination. Radiation from dipoles within the optical antenna gaps are also greatly enhanced and collimated under resonant conditions. With reproducible achievement of large field intensity enhancement and efficient collection, we expect the proposed device structure to be a useful tool for studying and implementing strong light-matter interactions, such as single molecule Raman scattering spectroscopy, single photon sources, etc.
